Rhodospirillum rubrum, a photosynthetic diazotroph, is able to regulate nitrogenase activity in response to environmental factors such as ammonium ions or darkness, the so-called switch-off effect. This is due to reversible modification of the Fe-protein, one of the two components of nitrogenase. The signal transduction pathway(s) in this regulatory mechanism is not fully understood, especially not in response to darkness. We have previously shown that the switch-off response and metabolic state differ between cells grown with dinitrogen or glutamate as the nitrogen source, although both represent poor nitrogen sources. In this study we show that pyruvate affects the response to darkness in cultures grown with glutamate as nitrogen source, leading to a response similar to that in cultures grown with dinitrogen. The effects are related to P II protein uridylylation and glutamine synthetase activity. We also show that pyruvate induces de novo protein synthesis and that inhibition of pyruvate formate-lyase leads to loss of nitrogenase activity in the dark.
INTRODUCTION
Nitrogen fixation is catalysed by nitrogenase, which consists of two major components, the MoFe-protein (dinitrogenase) and Fe-protein (dinitrogenase reductase) (Rees & Howard, 2000) . Nitrogenase is oxygen-labile and is expressed only under conditions of reduced oxygen concentrations (Dixon & Kahn, 2004) . Rhodospirillum rubrum is a photosynthetic, purple non-sulphur alphaproteobacterium that has been shown to fix nitrogen (Gest & Kamen, 1949) . In R. rubrum under phototrophic conditions, nitrogenase activity is completely abolished even at low oxygen concentrations (below 0.5 %). However, this low oxygen level can support nitrogenase activity in the dark as the respiratory chain will be active, generating ATP and consuming the little oxygen present (Edgren & Nordlund, 2006) .
In some organisms, such as R. rubrum, Rhodobacter capsulatus and Azospirillum brasilense, nitrogenase is also regulated by reversible ADP-ribosylation of the Fe-protein (Nordlund & Ludden, 2004) . The addition and removal of the ADP-ribose moiety are catalysed by two enzymes, dinitrogenase reductase ADP-ribosyltransferase (DRAT) and dinitrogenase reductase activating glycohydrolase (DRAG), respectively (Nordlund & Ludden, 2004) . In R. rubrum, the Fe-protein is ADP-ribosylated in response to stimuli such as darkness or addition of ammonium, socalled switch-off effectors (Kanemoto & Ludden, 1984) . While the modification and the enzymes catalysing the modification are known, many of the details regarding the regulation of DRAT and DRAG remain to be elucidated, especially in response to darkness. DRAG activity is regulated by interaction with the membrane and in R. rubrum the ammonium transporter AmtB1 and the P II protein GlnJ were shown to play a major role in ammonium-induced nitrogenase switch-off (Wang et al., 2005) . The P II proteins, of which R. rubrum has three paralogues GlnB, GlnJ and GlnK (Zhang et al., 2001) , have been implicated in the regulation of several processes, such as nitrogen fixation and assimilation (Ninfa & Jiang, 2005; Zhang et al., 2004) . Upon ammonium switch-off in R. rubrum, both DRAG and GlnJ are found to be associated to the membrane. In an R. rubrum amtB1 deletion mutant, ammonium addition does not induce nitrogenase switch-off or DRAG membrane association (Wang et al., 2005) . Interestingly, this mutant has normal darkness switch-off, indicating the existence of a different mechanism and/or membrane partner for DRAG association in these conditions. Very little is known about DRAT regulation in R. rubrum, but again there are data showing that P II proteins are involved (Zhang et al., 2001 ).
In diazotrophs, ammonium assimilation is most commonly catalysed by the glutamine synthetase (GS)/glutamate synthase pathway (Merrick & Edwards, 1995) . Studies on the post-translational regulation of GS in R. rubrum have been reported (Nordlund et al., 1985) and the bifunctional enzyme catalysing these reactions, adenylyltransferase (ATase or GlnE), has been characterized . ATase activity is in turn controlled by interaction with P II proteins, an interaction also influenced by 2-oxoglutarate and the ADP/ATP ratio, in addition to the modification status of the P II protein Teixeira et al., 2008) .
The uridylylation status of P II proteins is of great importance in the regulation of a variety of metabolic processes in the cell. P II modification is catalysed by the bifunctional enzyme GlnD (uridylyltransferase/uridylylremoving enzyme), encoded by the glnD gene (Zhang et al., 2005) . The activity of R. rubrum GlnD is regulated in response to the concentration of cellular metabolites, such as 2-oxoglutarate (uridylylation), glutamine (deuridylylation) or the ADP/ATP ratio (both uridylylation and deuridylylation) .
R. rubrum can grow in a number of different conditions (Gest, 1951) and with different carbon sources. Using pyruvate as a carbon source, R. rubrum can grow both anaerobically in the light and aerobically or anaerobically in the dark. Under dark anaerobic conditions, R. rubrum utilizes pyruvate mainly through the pathway in which pyruvate formate-lyase (Pfl) catalyses the first reaction, to generate the ATP necessary for growth (Gorrell & Uffen, 1977; Jungermann & Schön, 1974; Voelskow & Schön, 1978) . Pfl has been extensively studied in other organisms, such as Escherichia coli and Lactococcus lactis (Becker & Kabsch, 2002; Lehtiö et al., 2002; Melchiorsen et al., 2000; Rasmussen et al., 1991; Sawers & Suppmann, 1992) and was shown to be induced by anaerobic conditions in E. coli (Rasmussen et al., 1991; Sawers & Suppmann, 1992) . This pathway is specifically inhibited by the substrate analogue hypophosphite, both at Pfl (Brush et al., 1988) and at formate hydrogenlyase (Crewther, 1956) .
Light-dependent nitrogenase activity is present in R. rubrum cells under nif derepressing conditions, i.e. growth in nitrogen-deficient conditions, using glutamate or N 2 as nitrogen source (Gest & Kamen, 1949) . In glutamate-grown cultures with malate as carbon source, nitrogenase activity is totally lost when cells are subjected to darkness, but can be partially regained after a lag of 60-120 min, provided that pyruvate is added (Ludden & Burris, 1981) . In this study, we have investigated this effect of pyruvate addition on nitrogenase activity in relation to Fe-protein modification, P II protein modification and GS activity, as well as the influence of hypophosphite, the inhibitor of the Pfl pathway.
METHODS
Bacterial growth. R. rubrum S1 (wild-type) and strain UR212 (a polar draT mutant) were grown photoheterotrophically in the medium described by Ormerod et al. (1961) , using 40 mM malate as carbon source and 27 mM glutamate (MG medium) or 95 % N 2 / 5 % CO 2 as nitrogen source, at 30 uC, under constant illumination and with constant stirring. R. rubrum UR212 cultures were grown in the presence of 12.5 mg kanamycin ml 21 .
Nitrogenase and GS activity. R. rubrum cells from exponentially growing cultures were centrifuged and inoculated into sealed vials containing fresh medium and grown for 48 h in the above-mentioned conditions. Cultures were at OD 600 2-3 at the start of activity measurements. In vivo whole cell nitrogenase activity was measured by using the acetylene reduction assay (Ludden & Burris, 1981) and each experiment was independently repeated at least three times. Dark anaerobic activities were measured in cultures supplemented with either 20 mM pyruvate or malate, as indicated, at t50 and immediately wrapped in three layers of aluminium foil. For cultures preincubated with pyruvate, 20 mM (final concentration) pyruvate was added to the culture in the light 2 h before transfer to darkness at t50 followed by activity measurements. Whole-cell protein concentrations were determined by using the Lowry assay (Lowry et al., 1951) . At the times indicated, 10 mM sodium hypophosphite, from a degassed stock solution, was added using a syringe. A volume of air giving a concentration of oxygen of 0.5 % in the headspace was added in some experiments, assuming the concentration of oxygen in air to be 20 %.
GS activity was measured using the c-glutamyltransferase reaction in cells permeabilized by addition of hexadecyltrimethylammonium bromide (CTAB) (Jonsson et al., 2009 ).
Nitrogenase and P II modification analysis. To analyse the modification of the Fe-protein, 100 ml samples of the cultures were extracted by using syringes wrapped in aluminium foil at the time points indicated in the figures, mixed with SDS sample buffer and boiled for 2 min prior to loading on low-cross-link SDS-PAGE gels (Kanemoto & Ludden, 1984) . Western blot analysis was performed by using primary antibodies raised against R. rubrum NifH and E. coli Pfl. Blots were developed by using the SuperSignal West Pico Chemiluminescent Substrate System (Thermo Scientific) and the bands were visualized using a LAS-1000 Darkbox II (Fujifilm) and the MultiGauge v3.0 (Fujifilm) image analysis software.
P II uridylylation status was analysed by native PAGE and Western blot, using antibodies raised against R. rubrum GlnB and GlnJ (Teixeira et al., 2010) , developed as mentioned above.
Unless otherwise specified, all reagents were obtained from SigmaAldrich and were of the highest purity grade available.
RESULTS AND DISCUSSION
Nitrogenase activity in the dark is dependent on pyruvate-induced protein synthesis
In our previous studies on electron transport to nitrogenase in R. rubrum, we observed that the response to darkness was different depending on the carbon and nitrogen source during photoheterotrophic growth in the light (Edgren & Nordlund, 2006) . In cultures grown in MG medium, nitrogenase activity was essentially totally inhibited when subjected to darkness (the energy switch-off effect). However, when pyruvate was added at the same time as the cells were shifted to darkness, there was a partial recovery of nitrogenase activity after about 1 h ( Fig. 1a ; Ludden & Burris, 1981) . Furthermore, GS activity, which also decreased in darkness in these conditions, recovered after a similar lag period after the addition of pyruvate (Fig. 1b) .
To clarify whether the effect of pyruvate was dependent on darkness, we added pyruvate to MG cultures in the light 2 h prior to the shift to darkness. After shift to darkness there was a loss of nitrogenase activity (Fig. 2a, $) compared with the activity in the light, but not to the same extent as when malate was added to the culture (Fig. 2a,  X) . The level of activity obtained after preincubation with pyruvate was essentially the same as that recovered after the lag when pyruvate only was added at the time of shift to darkness (Fig. 1a, $) . We thus conclude that activity is indeed dependent on pyruvate only and that there is no effect of light or darkness, as there was no lag when cells where subjected to darkness after being preincubated with pyruvate for 2 h. It should be noted that when cells were grown with nitrogen as nitrogen source and malate as carbon source, nitrogenase activity in the dark could be measured directly, as seen when pyruvate was supplied to MG-grown cells before darkness (Fig. 2b) . This in fact underlines the differences in metabolic responses depending on the nitrogen source used for growth, as we have reported previously (Teixeira et al., 2010) .
The lag before nitrogenase activity occurred suggested that the effect of pyruvate could be due to de novo protein synthesis. To establish if this was the case, the effect of tetracycline in cultures grown photoheterotrophically in MG medium was studied. As shown in Fig. 1 , in the vials containing pyruvate and tetracycline there was no nitrogenase activity in the dark and GS activity remained low, at the same level as in the cultures to which pyruvate had not been added. To verify that this was not due to an unspecific toxic effect of tetracycline on nitrogenase, the aluminium foil was removed to support light-dependent nitrogenase activity, which was then fully recovered (Fig. 1a) .
Pyruvate addition affects nitrogenase, GS metabolic regulation and P II modification
The central involvement of P II proteins in the switch-off effect has been demonstrated for R. rubrum as well as other organisms. In a recent comparative study, we showed that in cultures grown in MG medium, GlnB and GlnJ are uridylylated in the light and upon energy switch-off both P II proteins become unmodified (Teixeira et al., 2010) . We wanted to study whether the pyruvate-dependent effect on nitrogenase activity was related to the uridylylation status of the P II proteins. As shown in Fig. 3(c) , when pyruvate was added at the same time that an MG culture was subjected to darkness, GlnB first became unmodified and after 120 min in darkness, was uridylylated again. At the same time, most of the Fe-protein became unmodified, i.e. active (Fig. 3b) . GlnJ exhibited the same pattern as GlnB (data not shown). Furthermore, in cultures pre-incubated with pyruvate, GlnB remained uridylylated even after 30 min in the dark (Fig.  3c ). In addition, GlnB uridylylation correlated with GS activity (Fig. 3a) , which is in accordance with previous data from our laboratory . Thus, the addition of pyruvate also stimulates the uridylylation activity of GlnD, which in turn leads to deadenylylation of GS thereby restoring the activity (Fig. 3a) . GlnD has been shown to catalyse uridylylation of P II proteins in response to high levels of 2-oxoglutarate in vitro (Jonsson et al., 2007) ]. Results shown are from one representative experiment. $, Culture to which pyruvate was added; X, culture to which pyruvate and tetracycline were added; &, control culture to which malate was added.
and it was also shown that different ADP/ATP ratios can influence GlnD activity (Teixeira et al., 2008) . It seems reasonable to assume that the addition of pyruvate will affect the 2-oxoglutarate concentration and/or ADP/ATP ratio, inducing uridylylation of the P II proteins.
The Pfl pathway is required for nitrogenase activity in the dark
The Pfl pathway has been established as the main pathway for utilization of pyruvate as a carbon source in dark Sodium hypophosphite (10 mM final concentration) was added (arrow 1) to one of the cultures to which pyruvate had been added and an identical volume of degassed 100 mM Tris buffer was added to the other pyruvate culture and to the MG culture. Oxygen (0.5 %) was added to the headspace in all vials (arrow 2). Results shown are from one representative experiment. $, Culture to which pyruvate was added; &, culture to which pyruvate and hypophosphite were added; X, control culture to which malate was added. anaerobic R. rubrum cultures (Gorrell & Uffen, 1977; Voelskow & Schön, 1978) . The first reaction in this pathway is catalysed by Pfl, the conversion of pyruvate to acetyl-CoA and formate (Becker & Kabsch, 2002 ). AcetylCoA will then be further metabolized by phosphotransacetylase yielding acetyl-phosphate (acetyl-P), which can be used to generate ATP in a reaction catalysed by acetate kinase. The formate produced in the Pfl reaction can also be further metabolized into CO 2 and hydrogen by formate hydrogenlyase (Fig. 4) (Clark, 1989) . It has also been shown that hypophosphite will specifically inhibit this pathway in E. coli (Knappe et al., 1984) as well as in R. rubrum (Gorrell & Uffen, 1977) .
Hypophosphite addition to MG-grown R. rubrum cultures caused not only inhibition of nitrogenase activity (Fig. 2a) , which directly correlated with Fe-protein modification (Fig. 3b) , but also deuridylylation of GlnB (Fig. 3c) and GlnJ (data not shown), as well as inhibition of GS activity (Fig. 3a) . This is the first time such a direct effect of the inhibition of the Pfl pathway has been correlated with nitrogenase and GS activities as well as P II modification, even though the reduction in hydrogen evolution upon addition of hypophosphite (Gorrell & Uffen, 1977) could also have been partially due to inhibition of nitrogenase activity. In this study we have used the acetylene reduction assay, which is specific for nitrogenase activity and therefore provides a more conclusive support for an effect on nitrogenase.
The effect of hypophosphite on nitrogenase is through the DRAT/DRAG system In order to establish that the effects observed upon supplementation of pyruvate and addition of hypophosphite were dependent on a functional DRAT/DRAG system, R. rubrum UR212 cultures were subjected to the same treatment as the wild-type cultures. The UR212 strain lacks both DRAT and DRAG leading to loss of posttranslational regulation of nitrogenase (Liang et al., 1991) . Cultures subjected to darkness, grown with either malate or pyruvate, had no energy switch-off (Fig. 5) , and addition of hypophosphite had no effect on nitrogenase activity. This result supports the proposal that the different effects of darkness, with respect to the presence or absence of pyruvate, are due to the activity of the DRAT/DRAG system. Furthermore it suggests that the effect of hypophosphite on nitrogenase activity is also due to this system. GS activity was monitored in these cultures and found to respond in a similar fashion to both darkness (albeit with a slight delay) and hypophosphite addition as the wild-type strain, indicating that the switch-off signal and the effect of hypophosphite were still sensed in the same way (data not shown).
Effect of pyruvate addition on nitrogenase switchoff
Upon subjecting R. rubrum cells to darkness, DRAT is activated and DRAG inactivated. All details of the regulation of DRAG and especially DRAT are not known, but there is evidence for the involvement of GlnB and GlnJ in R. rubrum. The two unmodified P II paralogues are suggested to stimulate activation of DRAT and inactivation of DRAG. The degree of Fe-protein modification and thus the level of nitrogenase activity will be set by the ratio of DRAT and DRAG activity. This ratio is then dependent on the level of P II protein uridylylation. With this model the (low) level of nitrogenase activity after transfer to darkness of cultures grown with N 2 as nitrogen source and of MG cultures to which pyruvate was previously added can be explained by the fact that P II proteins are uridylylated (Fig. 3c) . Under this condition, the Fe-protein will be unmodified and nitrogenase will be active (Fig. 3b) . As a consequence, the level of nitrogenase activity observed represents the maximum possible in the dark with no oxygen present. This is supported by the dramatic increase in the level of nitrogenase activity upon addition of oxygen (Fig. 2a) .
The question of how pyruvate causes the effect on switchoff is the same as asking how pyruvate causes an effect on P II protein uridylylation and why this effect seems to be specific for MG-grown cells. The in vitro uridylylation activity of R. rubrum GlnD is stimulated by 2-oxoglutarate, requires ATP and is inhibited by ADP, whereas the deuridylylating activity is stimulated by glutamine. The effect of pyruvate in MG-grown cultures can then be suggested to lead to a change in the concentration of any of these metabolites. We have measured the concentration of 2-oxoglutarate with and without pyruvate. However, the level of 2-oxoglutarate in cultures to which pyruvate was not added was still much higher than in N 2 -grown cultures (data not shown), in which there was no lag in the onset of the low nitrogenase activity after light withdrawal.
Finally, the ADP/ATP ratio may be the factor influencing the P II uridylylation status. This could be the case if the catabolism of pyruvate is required to generate ATP and if this pathway is not functional in cells grown in the MG medium, in contrast with cells grown with nitrogen as nitrogen source. It would then be logical to assume that the protein(s) synthesized in the presence of pyruvate in MG medium would activate pyruvate catabolism. One candidate is obviously Pfl, a proposal supported by the inhibitory effect of hypophosphite. We were, however, unable to determine the identity of the protein(s) induced in the presence of pyruvate. Antibodies raised against Pfl in E. coli were tested but no cross-reaction occurred with R. rubrum extracts (data not shown). We could also not detect any new proteins by 2D-PAGE at the time of appearance of nitrogenase activity after addition of pyruvate (data not shown). Very little is known about the regulation of the Pfl pathway in R. rubrum apart from the fact that no or little Pfl activity can be detected in phototrophically grown cultures (Voelskow & Schön, 1978) .
In conclusion, we have shown that in R. rubrum cultures grown in MG medium, addition of pyruvate leads to protein expression and that the protein(s) is required to sustain nitrogenase activity, albeit at a low level after transfer to darkness. Furthermore, we have also shown that the addition of pyruvate has effects on P II uridylylation and, as a consequence, on GS activity. The detailed mechanism behind the pyruvate effects will have to await further investigations, but from the effects of hypophosphite it would seem plausible that the ADP/ATP ratio is of central importance for these regulatory processes. Finally, our results also underline the difference in response to switch-off effectors between cultures grown with nitrogen and those with glutamate as nitrogen source.
